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Abstract — All over the world, the use of cross-linked polyethylene as insulation material for high voltage power ca-
bles has been becoming standard. This is supported by the cleanness of the polyethylene material and the improve-
ments in technical experiences at the cable manufacturers. For accessories, a high level of quality and reliability has
been achieved with the technology of pre-fabricated and pre-tested insulation bodies of silicone rubber. In Switzer-
land, the first 400 kV cables with insulation of cross-linked polyethylene and accessories with silicone rubber insula-
tion bodies were installed in the network at the beginning of the nineties in the last century. These systems are run-
ning smoothly up to date. All tests and many years of practical experiences have shown that solid cross-linked poly-
ethylene insulation for high voltage and extra high voltage cables and silicone rubber insulation bodies for their ac-
cessories are characterised by long electrical lifetimes. To keep the potential of a long-term reliability, it is very im-
portant for the cables and accessories to be free of any partial discharges. The partial discharge measurements as
routine tests for cables and accessories are therefore an important step for the quality of the cables and accessories.
For electrical tests after installation, very good experiences has been made with UHF sensors at the terminations, di-
rectional coupling sensors and inductive sensors at the cross bonding links of the joints. For the cable, the monitoring
of temperature showed valuable results. Once the cable system is energized and is subjected to electrical loads at net-
work voltage, an electrical lifetime of well over 50 years can be expected.

pre-tested slip-on elements of SiR. These systems are

I. INTRODUCTION running smoothly up to date.
In addition, methods for diagnostic measurements
have seen further developments in recent years. Some
of the cable systems have been retrofitted with sensors

Throughout the world, a growing use of cross-linked
polyethylene (XLPE) as insulation material for high
voltage power cables has taken place. For high volt- o . . : .
age (<220 kV) and extra high voltage (> 220 kV) ca- to enable applications like on-s1t§ partial (.11scharge
bles, this trend is supported by the cleanness of the (PD) measurement for the accessories at nominal volt-
polyethylene material and the improvements in tech- 38 : ) )
nical experiences at the cable manufacturers. For ac- The article describes the many years Of, experience
cessories, a high level of quality and reliability has that have now 11366}11 aclcumulg;d w1t2] high voltage
been achieved with the technology of single piece pre- (HV) and extra high voltage (EHV) cable systems us-

fabricated and pre-tested insulation bodies of silicone ?ng cal?le insu.lations.of XLPE and accessories with
rubber (SiR). insulation bodies of SiR.

In Switzerland, the first 400 kV cables with insula- _ Dased on all these positive experiences with HV and

tion of cross-linked polyethylene were installed in the 1Y cables and accessories in service and in pre-
power transmission network at the beginning of the qualification tests for 420 kV, the article also reports

nineties in the last century. The accessories used in on _the_ coptinuing deve.lopment of cgble design due to
these projects included single piece pre-fabricated and ~ °P timization of wall thickness and field strengths.
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II. EXPERIENCES WITH HIGH VOLTAGE AND EXTRA
HIGH VOLTAGE CABLE SYSTEMS

A. Basics to electrical ageing in XLPE and SiR

When operational loads are applied, the electrical
lifetime of HV and EHV cables with XLPE insulation
and their accessories of SiR is determined by internal
and external influences. With applied voltage, basi-
cally two electrical ageing processes takes place, par-
tial discharge ageing and field ageing [1 — 4].

PD ageing due to discharge processes in cavities
very quickly leads to an electrical breakdown of both,
the XLPE and SiR insulation. It is vital that both, the
cable and accessories of HV and EHV cable systems
are free of PD. Therefore, PD measurements are a
standard in routine testing as a post-production quality
control for the cables and the silicone parts of the ac-
cessories [5].

Field ageing is described by the lifetime law as
given in equation (1):

E™t=constant (1)
Whereas:
E: electric field
n: lifetime exponent
t: time

Accelerated field ageing is caused by spurs and
occlusions in the XLPE insulation. At these areas, the
electrical field is elevated and the electrical ageing
process takes place more intensively. This is why PE
materials of maximum purity and an extremely clean
manufacturing process are prerequisites for the pro-
duction of HV and EHV cable systems.

In detailed investigations on breakdown of XLPE
cables, it was found that XLPE has a lifetime expo-
nent of around 12 (Fig. 1) [1 —4]. Experiences with
real high voltage cables show that they withstand as
least as long as the lifetime law proofs. This is even
more valuable as the real cables additionally suffer
higher temperatures, which further accelerates the
electrical ageing process.
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Fig. 1. Breakdown values and electrical ageing for XLPE cables
according to [1 —4] (red and blue) and values of practical experi-
ences of Brugg Cables (green)

In detailed investigations on breakdown of silicone
rubber (SiR) it was found that SiR has a lifetime ex-
ponent of greater than 40 (Fig. 2) [1, 6].
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Fig. 2. Breakdown values and electrical ageing for SiR samples
according to [1, 6] and values of practical experiences of Brugg
Cables (blue and yellow arrows)

B. Developing experiences of HV and EHV XLPE
cables and SiR accessories

Many years of experiences in manufacturing HV
cables with XLPE insulation and high voltage acces-
sories of SiR up to 275 kV provided the best basis for
the manufacture of 400 kV cables with XLPE insula-
tion and accessories of SiR [7, 8] (Fig. 3).

500

[N]
o
=]

220 kV
IO 5520 N T N A

110 kV

Rated voltage / kV
w
(=3
o

100

0 AL il !
1998 2002 2006 2010
Year

Fig. 3. Production of XLPE cables by Brugg Cables, Switzerland
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The first 400 kV cable with insulation made of
XLPE was produced in 1992 with a corrugated copper
sheath. At Nordostschweizerische Kraftwerke, Swit-
zerland, the first high voltage cable system with
XLPE insulation in the 380 kV network were set up
on the site of the Bonaduz/Grisons substation in
spring 1993. The cable system initially comprised two
outdoor terminations and about 200 m of cable. After
five years of operating this cable system in the 380 kV
network with no damage, the cable was cut in mid-
length, a single piece prefabricated and pre-tested
joint with SiR insulation body was introduced and the
operation of the system was resumed.

After a further three years of operating in the net-
work without faults, the joint was diagnostically
tested with a new broadband partial discharge meas-
urement system (Figs. 4 — 6) in 2001. This new testing
process, based on the directional coupler sensor
method, allows reliable recording of possible PD age-
ing processes in the joint, even in unscreened condi-
tions [9 — 11]. The tests showed that the joint is free
of PD after many years of operation at network volt-
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age. With that, no damaging processes that could
shorten the lifetime took place in the joint. After the
measurement, network operation was continued until
today without any problems.

Today, more than 4’000 km of HV cables and
20’000 pieces of SiR accessories up to 400 kV have
been installed in the last 20 years and show excellent
operating performance.

XLPE-cable

Fig. 4. Test set-up for on-site PD measurements on the 380 kV joint
in Bonaduz, Switzerland
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Fig. 5. Set-up and signals of directional couplings for PD detection

Fig. 6. On-site tests at the substation in Bonaduz, Switzerland
III. IMPROVEMENTS

A. Cables

Over recent years, the qualitative properties of the
XLPE compounds for HV and EHV cables have been
substantially improved. The size and number of me-
tallic and non-metallic impurities in the compound
have been considerably reduced. They have now at-
tained the levels shown in Table 1 [12].

Table 1: Highest permissible concentration (number/kg) of con-
taminants for selected size classes [12].

SIZE (um) | 50-70 {70-100 100-200
HV - 15 0
ERV 15 5 0

The size and number of impurities determine the
electrical breakdown strength of the XLPE insulation.
In the area surrounding the fault location, the field
strength increases and locally accelerated field ageing
takes place. The influence of the size of these impuri-
ties on the a.c. voltage breakdown strength was inves-
tigated using model cables [13] and real high-voltage
cables (Fig. 7) [3]. Due to the volume effect with re-
gard to breakdown probability and due to the desired
failure probability for a cable in the energy distribu-
tion network of 1 fault per 50 year in 100 system
kilometres, the values determined on model cables
with insulation thickness of 1.5 mm only can not be
used as a field strength for the purposes to determine
the design of real high voltage cables. The critical
sizes for impurities in the XLPE insulation for EHV
cables are shown in relation to the maximum field
strength on the conductor in Fig. 8 [3].
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Fig. 7. Effect of metallic contaminant size on the a.c. breakdown
strength of small model cables and real EHV cables [3, 13]
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Fig. 8. Critical size of contaminant in the XLPE-insulation [3]

Fig. 9 shows the influence of the number and size of
impurities with the same risk for electric breakdown.
The results show that not only the size, but also the
number of impurities per kg exerts a strong influence.
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For these reasons and with the specified design field
strength of >10 kV/mm, insulation material of class
EHV Super Clean with purity levels as shown in Ta-
ble 1 is used to manufacture EHV cables. The proven
high purity of the compound made it possible to use
higher design field strengths and to reduce the insulat-
ing wall thicknesses (Fig. 10). With that, the maxi-
mum field strength always remains the same for a
given voltage and the insulation wall thicknesses can
be dimensioned in relation to the conductor cross-
section (Fig. 11). The manufacture of EHV-XLPE ca-
bles using horizontal technology is now on a very
high standard and is very reliable. Clean material
handling and precise temperature and pressure moni-
toring during extrusion, dry curing and cooling guar-
antee a high standard of quality during the manufac-
turing process.
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Fig. 9. No. of particles and size with same risk of el. breakdown
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Fig. 10. Maximum electrical strength in XLPE cables
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Fig. 11. Wall thickness of insulation of 400 kV XLPE cables

B. Accessories

The reliability of the cable system also depends on
the accessories. Over the years, it showed that an ex-
treme high reliability can be achieved with prefabri-
cated, pre-tested single piece slip on elements of SiR.

The slip-on elements consist of semiconductive de-
flectors, a semiconductive middle electrode (only for
joint bodies) and the insulation compound. They en-
sure field grading between the semiconducting layers
of the cable and the conductor clamp at a joint and the
field grading at the end of the cable for a termination.
The deflectors and middle electrode are made of solid
semiconducting material. Although costly, this en-
sures that they function properly especially at fast BIL
voltages (BIL = basic impulse insulation levels) and
guarantees a long and reliable lifetime.

Beside many others, like very high temperature sta-
bility, high breakdown strength and high lifetime ex-
ponent, a main advantage of the SiR is the high flexi-
bility. That ensures an optimum level of surface pres-
sure on the cable and avoids any air gaps at the inter-
face cable-insulation body, thus allowing a long reli-
able functioning. Due to the high stability of the SiR,
the optimum surface pressure remains constant
throughout the lifetime of the joint.

At a glance, the main advantages of the SiR are:

* Very high breakdown strength of > 23 kV/mm
at 50/60 Hz

* Excellent temperature stability of -50 — +180°C

* Very high life exponent of n > 40

* Void free contact pressure on the cable at normal
and elevated load due to high elasticity of SiR

¢ Easy to install due to excellent mechanical prop-
erties and elasticity

To keep all advantages of the SiR up to installation,
the insulation bodies are produced in one-piece and
in-house in a clean surrounding. To guarantee proper
working, the insulation bodies must pass a final ac-
ceptance test. Every device is certified individually.

Fig. 12. Cross section of a joint with SiR insulation body

Fig. 13. Cross section of a GIS termination with SiR stress cone
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IV. TESTS

After successful development and type tests on the
cable system, a pre-qualification (PQ) test was carried
out with 400 kV at CESI in Milan, Italy.

The test loop consisted of 120 m cable with an outer
sheath of high-density polyethylene (HDPE) and
laminated aluminium foil (1600 mm?) and 120 m ca-
ble with corrugated copper sheath (1600 mm?), two
outdoor terminations (porcelain and composite insula-
tors), two straight joints and two back-to-back GIS
terminations. (Fig. 14). The cables were laid section
by section in sand, pipe systems, in a tunnel and in air.
An optical fibre was positioned along the test section
to monitor temperature.

Test conditions:
Test endurance: 1 year

A.c. test voltage: 400 kVr.m.s. Outdoor termination
Load cycles: 16/32 h with composite and
Lltest: 1425 kV porcelain insulator
Sl test: 1050 kV

Cable length: 120m

Monitoring: Sheath temperature EE

Partial discharges

Transformer-and Cable with
GIS termination -Al-laminated foil and HDPE sheath
-Corrugated copper sheath

Polymer joint

Fig. 14. 400 kV prequalification test set-up at CESI in Milan, Italy

The first heating cycles showed that there is better
heat dissipation in the cable with HDPE outer sheath
and laminated aluminium foil than in the cable with
corrugated copper sheath (Fig. 15). Additional ther-
mal insulation for the cable with HDPE outer sheath
and laminated aluminium foil enabled the two cables
to heat up to the maximum desired conductor tem-
perature with the same heating current in the conduc-
tor.
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Fig. 15. Temperature profile of the cable during PQ test

To measure partial discharge during the test, PD
sensors based on the directional coupler sensor
method were built into all accessories. This solution
was chosen as good experiences had been gained with
these sensors for on-site PD measurements. In addi-
tion, another new Directly Modulating Discharge
Measurement System that needs no active compo-
nents in the accessories was built in for test purposes
[14 —16] (Fig. 16). Excellent experiences have also

been gained with on-site diagnostic PD measurements
on GIS terminations during operation with a UHF-PD
measuring method [17] and inductive sensors on the
cross-bonding links in the cable systems [18].

Fig. 16. Directional coupling sensors and a directly modulating dis-
charge measurement system

The PQ test was successfully completed in May
2003. Since spring 2009, a PQ test for a 500 kV
XLPE-cable system is in operation.

V. CONCLUSIONS

Extensive tests and many years of practical experi-
ences have shown that solid XLPE insulation for HV
and EHV cables and SiR insulation bodies for their
accessories are characterised by long electrical life-
times.

However, if the electrical ageing is accelerated by
partial discharges, early failures may occur. This is
why it is very important for the cables and accessories
to be free of any partial discharges. The PD measure-
ment as a routine test for cables and prefabricated HV
and EHV cable accessories is recommended as an im-
portant step towards quality and proves the long-term
electrical stability.

For electrical tests after installation of a cable sys-
tem, the standards do not generally specify a PD
measurement. However, if required, very good expe-
riences have been made with the method of UHF sen-
sors at the terminations and inductive sensors on the
cross bonding links at the joints. For the cable, the
monitoring of temperature showed good results.

Once the cable system is energized and is subjected
to electrical loads at network voltage, an electrical
lifetime of well over 50 years can be expected.
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